Changes in extracellular ion activities were measured during par tial ischaemia of the cerebral cortex of primates anaesthetised with a chloralose. Triple-barrelled, double-ion-sensitive microelectrodes were used to measure the extracellular potassium (K,.) and calcium (Ca,.) activity at the same point simultaneously. The ion changes were related to local cerebral blood flow, and it was shown that at a blood flow of approximately 10 ml 100 g-l min-I, there is a threshold below which ion homeostasis is disturbed. This is associated with a dramatic rise in Kl' and fall in Cae. Cae falls from a normal value of 1.31 ± 0.1 mM to approximately 0.28 mM in densely ischaemic tissue. In ischaemia, Kl' reaches 13.4 ± 3.8 mM before C� begins to fall. The faIl in Cae, although related to reduced blood flow, is closely associated with and follows the rise in Ke. The change in Cal' is probably due to an increase in membrane permeability, as a result of either depolarisation or a critical lower ing of cellular energy reserves.
In recent years, investigations in this laboratory and elsewhere have indicated progressive failure of neuronal function with falling blood flow in cerebral ischaemia. Electrical activity in the cortex fails at blood flows between 16 and 20 ml 100 g-l min-1 (Branston et ai., 1974; Boysen et a!., 1973; Heiss et ai., 1975; Sundt and Waltz, 1971) , while failure of the ionic pump has been shown to occur at a signifi cantly lower flow (Astrup et a!., 1977; . Changes at this lower level of flow appear to be associated in time with the development of infarction (Morawetz et ai., 1977; Symon and Brierley, 1976) . Studies of ionic changes at these critical levels of blood flow are thus of considerable importance in understanding the pathophysiology of stroke.
The vital role of calcium in normal cellular func tion has been the subject of much investigation, and in recent years the pathological effects of intracel lular calcium accumulation have become apparent. The .. calcium paradox" as reported by Zimmerman and Hulsmann (1966) showed that heart perfused with calcium-free solution, although losing its con tractility, was able to maintain its electrical activity. However, when the normal perfusate was restored after more than 2 min of calcium-free perfusion, the electrocardiogram disappeared, and there was a rapid, irreversible loss of contractility. Shen and Jennings (1972a, b) have shown that depending upon the severity of the preceding ischaemic insult, re perfused myocardium can accumulate up to 10 times its normal concentration of calcium.
The myocardial changes associated with reperfu sion have recently been reviewed by Hearse (1977) , and it has been suggested that the mechanisms of damage associated with calcium uptake are, first, that the ability of the intracellular membranes to withstand or control sudden ion fluxes is reduced, and second, that the physical effects of calcium up take and deposition destroy mitochondrial function. In the light of such work on calcium homeostasis in myocardium and elsewhere, it seemed to us that a fuller understanding of the calcium changes in the cerebral cortex in ischaemia and on reperfusion might be of critical value in determining the survival or otherwise of cerebral tissue.
Changes in the activity of calcium in the ex tracellular space of brain are already known to occur. Nicholson's group has shown relationships between extracellular potassium activity (Ke) and calcium activity (Cae) in spreading depression and terminal anoxia in cerebral cortex and cerebellum (Kraig and Nicholson, 1978; Nicholson, 1980) .
The aim of this study was to measure Cae and to relate the changes in partial ischaemia of the pri mate cerebral cortex to Ke and local cerebral blood flow (lCBF). To aid association of any ion changes, we used triple-barrelled, double-ion-sensitive mi croelectrodes to measure both Ke and Cae at the same point simultaneously.
METHODS
A standard experimental preparation for acute experiments was used (Symon, 1975) . Baboons (Papio cynocephalus) weighing 5-10 kg were se dated with ketamine and given a sleep dose of thiopentone to aid intubation. Anaesthesia was maintained with a-chloralose (60 mg/kg). The animals were paralysed with gallamine triethiodide and ventilated, the stroke volume adjusted to maintain arterial Paco2 between 38 and 42 mm Hg. Arterial blood pressure, Paco2, pH, and Pao2, end tidal CO2, and serum electrolytes were moni tored. The middle cerebral artery was exposed for occlusion by a transorbital dissection. The tech nique of middle cerebral artery occlusion has been shown to produce a gradation of ischaemia over the central aspect of the cerebral hemisphere, the maximal ischaemic density being in the opercular area and the least in the parasagittal zone (Symon et aI., 1974) . A large craniectomy exposed the lateral aspect of the right cerebral hemisphere. Platinum J Cereb Blood Flow Metabol, Vol. I, No. 2, 1981 electrodes were inserted 1-1.5 mm into the cortex in groups of two or three to measure local cortical blood flow by the H2 clearance technique (Pasztor et aI., 1973) . The groups were situated on the supe rior temporal, suprasylvian and postcentral gyri. Triple-barrelled, double-ion-sensitive microelec trodes (Harris and Symon, 1981) were suspended on springs from micromanipulators and inserted into the cortex at the site of one of the groups of platinum electrodes. After electrode implantation the cortex was protected by a warmed paraffin pool. After a control period at normal blood flow and blood pressure, the middle cerebral artery was occluded with a Scoville clip, and graded exsangui nation was then used to produce the desired blood flows when necessary. Blood flows were measured serially throughout the phase of middle cerebral ar tery occlusion.
The ion-sensitive microelectrodes used in this study were a modification of those reported pre viously (Astrup et aI., 1977; Branston et aI., 1977) and are shown diagrammatically in Fig. 1 glass tubes, glued together, were pulled in a micro electrode puller in the usual way. The tip was broken back to a total diameter of approximately 10-15 /Lm, and the two active barrels silanised with di methyldichlorosilane. The ion-selective resins used were Corning 477317 for potassium and the neutral carrier, O-NPOE, (Oehme et at., 1976) for calcium. Two electrically separate high-input-impedance differential amplifiers were mounted on the micro manipulator arms and their output displayed on a chart recorder. The electrodes had a 90% response time of less than 3 s for both potassium and calcium sensitive barrels. There was no interference be tween the signals from the active barrels. Calibra tion of the electrodes was performed before and after the experiment at room temperature. The out puts were adjusted to 37°C according to the Nernst equation (Astrup et at., 1977) . The calibrating solu tions used were 2, 6, 10, and 50 mM KCI made up in 150 mM NaCI (Branston et aI., 1977) and 5, 1.0, and 0.5 mM CaCl2 made up in a solution containing 150 mM NaCI and 2 mM KCI to a total ionic strength ofO.15 M.
The following criteria were used during data pro cessing. Ke and Cae were related to ICBF only when the ion activities were in a steady state. To relate Ke to Cae, the values were taken from an ion-sensi tive microelectrode when one or both outputs were in steady state, which meant that a measure ment could be taken as Ke was rising, just before Cae began to fall. Measurements were not taken during phases when both ions were changing rapidly.
RESULTS
Ke and Cae were measured at 12 sites in 6 animals. The respective base-line values measured during the control period were 3.95 ± 0.80 mM Ke and 1.31 ± 0.10 mM Cae' (All values are quoted as means ± SD.)
The values for Ke and Cae were taken from each electrode at each ICBF determination so that the activity/flow relationships could be found (Figs. 2 and 3). Around a blood flow of 10 ml 100 g-l min-l there was a threshold below which there was a major change in extracellular ion activities. Al though the threshold blood flows for potassium and calcium change could not be separated statistically, it can be shown in other ways that the events were not simultaneous.
An example of the effect of middle cerebral artery 
The relationship between K. and ICBF. The control value of Ke is shown as mean ± SO. Below a ICBF value of approximately 10 ml 100 g-' min-', Ke begins to rise.
occlusion is shown in Fig. 4 . This highlights the fact that the triple-barrelled electrode can show accu rately the relationship between Ke and Cae at the same point.
The ion changes typified in Fig. 4 were further analysed by converting the voltage outputs to mo larity and plotting on semilogarithmic graph paper against time. This analysis showed a biexponential increase in Ke, the first phase of the increase (de fined as Kl and expressed in units of minipK) oc curing just prior to the fall in Cae and the second (K2) just after the fall in Cae' The fall in Cae was also exponential (Cal' similarly defined). The relation ships between these three changes are shown in There was no consistency as to whether K2 or Cal began first. K2 started first at three sites, and Cal at three others, with no difference at the seventh. The mean delay between them was 15 ± 47 s. The start ing points of K2 and Cal are defined in the legend to Fig. 5 .
The fall in Cae occurred after Ke had risen to an average value of 13.4 ± 3.8 mM. The delay between the start of the rise in Ke and the start of the fall in Cae was related to blood flow (Fig. 6) , the lower the FIG. 5. K, and K2 are the rates of potassium efflux expressed as minutes per pK. Ca, is the rate of fall of Ca., expressed as minutes per pCa. A: K, is the rate of the exponential rise in K. prior to the fall in Ca.,. K2 is the rate of the exponential rise in K. after Ca., began to fall. Ca, is the rate of the exponential fall in Ca.,. The data were taken from continuous traces, typified by that in Fig. 4 . The start of K2 was defined as the point at which the regression lines of K, and K2 intersected. The start of Ca, was defined as the point at which the regression line of Ca, inter sected the "base-line" Ca.,. B: Shows that K, and K2 are related; however, there was insufficient data to distinguish between either a linear or a semi logarithmic relationship. C: Indicates that there is a relationship between the rate of rise of K, and the rate of Ca,. Both B and C could equally well be explained by either K, determining K2 and Ca, or another variable determining the rate of K, and subsequently K2 and Ca,. D: This relationship is probably best explained as a third factor affecting both K2 and Ca,. changes, as in ischaemia, Ke began to rise before Cae fell, with an average delay of 13.7 ± 3.7 s. The Ke value attained before the Cae moved was 10.5 ± 3.0 mM, which is not significantly different from the Ke level associated with Cae movement in is chaemia.
DISCUSSION
The tips of the ion-selective microelectrodes used in this study were slightly larger than those used previously in this laboratory (Branston et aI., 1977) . Although the normal potassium value reported here is significantly lower than has been reported previ ously (Branston et aI., 1977) , such a change is not compatible with extra damage. The relationship between potassium and blood flow reported here is the same as that found previously (Branston et aI., 1977) . These two observations indicate that the new type of electrode does not further damage the cor- The lack of points between 20 and 30 mM K. is a result of the sampling criteria used, as set out in Methods (see text).
tex or significantly alter the response of the tissue to ischaemia.
The spontaneous transient changes in potassium and calcium described here appear to be similar in the characteristics of their onset to the spreading depression elicited by Kraig and Nicholson (1978) , who also showed that the calcium change occurred at a potassium activity of about 10 mM, the point at which the extracellular slow potential moved in a negative direction. They explained this as an in crease in membrane permeability induced by de polarisation, allowing ions to flow down their con centration gradients.
In the present study, the Ke at which Cae fell was not significantly different in spontaneous transients and in ischaemia, and it may be that depolarisa tion-induced membrane permeability changes are the cause of calcium movement in both situations. The influx of calcium in response to depolarisation is well known in, for example, smooth muscle activ ity (Van Breemen, 1977) , electrical transmission in squid giant axons (Baker et aI., 1971) , and in the mechanism of neurotransmitter release (Katz and Miledi, 1970) . A Ke value of 13 mM appears to be critically associated with a fall in Cae. While the actual level of Ke reached may well not be the rea son for the Cae change per se, this degree of altera tion in Ke may itself be associated with the triggering change, which may be the transmembrane potential. This apparent conformity in the value of Ke when Cae falls may, however, be coincidental.
A relationship of calcium changes in ischaemia to K" has been further substantiated by the demon stration that although the value of Ke associated with the fall in Cap is always the same, the delay between potassium and calcium changes is related to blood flow. The increase of extracellular potas sium in ischaemia is undoubtedly due to progressive overload of potassium clearance mechanisms with increased leakage of intracellular potassium (Astrup et aI., 1977; Branston et aI., 1977; Hossmann et aI., 1977) . It might be expected that the time taken to reach the threshold Ke value of 13 mM would thus be dependent upon blood flow. The increased leak age of intracellular potassium before any change in Cae indicates that there is a differential sensitivity of ion homeostatic mechanisms to ischaemic damage.
The relationships between Kj, Kz and Cal suggest that the availability of cellular energy may provide an alternative to depolarisation as the explanation for calcium movement. K2 > KI in every case, and it may be that the point at which the rate of potas sium efflux increases (which is also the point at which Cae begins to fall exponentially) is the time when the reduced cellular energy levels can no longer maintain ion homeostasis. The relationships between KI and both K2 and Cal serve to strengthen this suggestion. The relationship between K2 and Cal suggests that the cell membrane becomes more permeable to both ions in the same proportion.
The rise in extracellular potassium activity in is chaemia and the fall in subarachnoid sodium activ ity as described by Hossmann and co-workers (Rossmann et aI., 1977) have been explained as due to a redistribution of ions down their concentration gradients across the membranes of cellular ele ments. In view of the dramatic fall in extracellular calcium activity, it seems reasonable to suggest that the same explanation applies to the calcium change. This proposal for movement of calcium into the cells is corroborated to some extent by a theoretical calculation of the Cae that would occur if all calcium activity were evenly redistributed between intra and extracellular compartments in ischaemia. If we allow for the changes in compartment size as re ported by Hossmann (Hossmann et aI., 1977) and presume that there is no net change in calcium ac tivity, the value attained by Cae should be 0.25 mM. The final Cae found in densely ischaemic tissue (lCBF < 6 ml 100 g-I min-I) in this preparation was 0.28 J Cereb Blood Flow Metabol, Vol. I, No. 2, 1981 mM, indicating that the calcium activities in the intra-and extracellular compartments were in equi librium. The proposal of intracellular movement is further substantiated by the work of Adey (1971) , who showed that although membrane complexing of calcium does occur, this effect is probably modest.
The relationship between Ke and Cae shown in Fig. 6 indicates that as Ke rises to the threshold value of 13 mM, there is a slight rise in Cae' The explanation for this may lie in a change in the bind ing coefficient for calcium in the extracellular space. A more likely explanation is that there is a decrease in the size of the extracellular space without any loss of calcium. This would appear to the electrode as an increase in Cae. Rapid changes in the extracellular space in ischaemia have been demonstrated from impedance measurements (Bran ston et aI., 1978) and from the use of choline and Tris as in vivo markers of the extracellular space (Hansen and Olsen, 1980) . Hass (1980) has recently suggested a hypothesis for the molecular mechanism of cellular damage due to raised intracellular calcium. Part of the basis for this was the work of Shanne et al. (1979) , who showed that certain agents were able to cause toxic cell death in cultured rat hepatocytes only if Cae was normal. If Cae was reduced to the level of nor mal intracellular calcium activity, these agents had no effect.
The Hass hypothesis suggests that raised in tracellular calcium activity would stimulate turn over of the phosphatidylinositol cycle, with serious consequences for neurotransmitter metabolism during reperfusion. Raised intracellular calcium ac tivity would also stimulate phospholipase A2 activ ity with release of free-fatty acids. A major free fatty acid released would be arachidonic acid, the precursor of the prostaglandins and other related substances, which may have further deleterious ef fects upon ischaemic cerebral tissue.
The results of this study show that the calcium change in ischaemia, although related to reduced blood flow, is also closely associated with, and fol lows, the rise in Ke. We do not feel that with these data it is possible to distinguish between depolari sation and a critical reduction in energy levels as the reason for the fall in Cae when Ke reaches 13 mM. The extracellular calcium decrease is probably due to a progressive entry into the intracellular com partment until both compartments are in equilib num.
